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X. T. A~'st, M~)addin, and Nff, K. Cr~!'

Seve~ral. irevtigaticru have been oondiiota$i on px bendLing of fe-

oenterecd auia St-rutinra1 Obanges &3 a ra~ult of

"nd~f1l&tngp" and the imortc of bending "rx aonatrxint d-uring

conritl4onma of axial trsLg, hare been noted. 4)5 it wax evident that

tbm moclAnisn by which the ben~ding difamation occurs ia mx Compler VhAn

Uh9 c~s of simplo shear0 StwUdl of the bending or body-oontered Oubio

metals frm the aipsof, of -the ~ .~oxahemeabani~m appear to be

lakirg. kolybxien=r single aryitda were thorefore suibjoct.d to defafO'U-

tion -by banding In orkdor to detavml~x~a the reaction, of 'Um 'Ooy-szntered

P~ii lattict to bondting- stresceis.

Irt. rdli;,t be ax4,o o tho bcond3ing of sizni1e crvzt-as~ that l.attice

rot'ttlca as ropox~tad by tha a3Xi o * ion vo04 procod toward

t)hA pole or tlho a!:Uve Ii Plane andJ thif-t rotaton ot thi'. texmiLo ztr*

th:4 t .3t Ely or th, i tezim cmrzirn zid otC bent wj7Wwrram single

za1o Vvpiortd-i~nt toiVw ze -J2. piatx".e of plas ti di!frmtin

Y*Zlla -h A Vatilrgy Te o J Pi.wrI riyrj

d .O ; LJr#f4 
Pid VYz~ j. ~ e d



beinding give ris" to t,1e dO~aorn~tlon bxid,, and~ also the, nature of' the

asateriam creztrring on ttv tansion and oorgressioi ;3Vde d~twng the stage*s

of def0onation.

WFIM A OCMEDWS

tight singl .s utal a pecizis we grm' from sintard moiybdanax

rods IA inch diameter iiaing the. method described, in a previotze publiea-

UIC. W Th puity of tis± mterial was r~perted as 99.9 pot. as

desribed .154,wther..(7 The spsaiiiem were IA' to ItiO inch in dimter

x 7 £rnoha lotv, with single arystals approxdjrately 1 to 2 inches in len~ith

ooctupying the enire oontsr sections of eactb specimn.9 t*e peaiinrw wf

eecstrolytically polished using an electrolyte of 300 cc Riethyl aloohel#

60 cc iH9O4,, 130 cc IME, and a current denksity of 4 amperes per sqare 1Ich*

Each spein was than loded in a bonding apparatus similar to that

wed by Yn and ibbard,,'l an showninFigure1. The load'uvasapplied b7

mats of a iring and scavw arrangement tbrugh four bill-beariqg surfaoss

set 1,5 inchea apart, Either~ the im-rw tw bearinga or the outer two

(a, bt Yigi~, 1) re attuchad to a mo~vable steel plzato (d) through whiob.

the 1OA-r WaS tj:ted. Sio 4the appa.atUs va rvLuntod on a L-ack of

the X-ray aperat3I, -the t..nsion ocr inos- ion side of the speaimn ould,

be not vp ,for fixNa~ by~ Intarthanging the toari~u4 for sxample, whenf

the imnir t-wo bhearinss were attched -to the zrwaba -plat*, the spealen wao

541t -u ror upwr on, -tl t~nslon sida,, aM, when the oatev tmm ibarIn~

vwxo1 t0 ,tAtho t4 a~.z-rtat pI --ta tf* speoirwri -wrAs *Xesctd to tIA4 X-raysi

Thea loi4 vas b~m; A. ,allbrx.tod oll gW," (o. in ng~me 1).

Wr " ") ty"4 A-I 4tv&A11 K"~o; the dafl*.t~ion )rx mai* aixilarly

a ~Etd iigage o 4&fI#.ctj.,q ,**r* =*auwt4 b~

*%LTU~~~~d~~zC- s-rai iniAt" _'Slzi nldb



0.C"S pmu andi, thiw datlctl= to 0,00M, iirdi.

~atk-refla-tion JLaae 'photograr~i of the sams poition on &-

sjvaio 4.re 'taken, bef~w bnciingt axM at~ nou.miv* 'Itage dwing ONi

bening with the load a;Vlied, but, rwt irxnoasirg T Ay la1ttioe rotatiiw

wre -then~ plott~rI in a standard. aterw Lrapliio pweojoct;ion from the photo-

g.. -The .ntire ou~rse of doforrtion was follovd-in detail on the

ooos.aio aile fair spmei*w V'35', 9-433p )4-M,# 'N-90 and 41,and on

t~h* tanminnn zdds for speilm *-5 4-895 and 1-18h. Corwdemab~z aeevr&ay

oiaud be, Attainad In. the dat'mwmintion of the ab, lattios rotatio= with

the pmt~snt expwiw~ntal arra-gement., SinC* it Unf, onlly rooessaZ7 to keep

tte fils -to specimnen dlatam~e cxns tarit without aw' r-aligiw~t, of the

3p*1nmn. 1ib~ver, de.. ?d~ 4tlon of the lattiae retatkrn in ths oppeIts

vida. or tho above spoocneno could not be obtainied with the so aowaa,

particularly wher* the total rotation r.s mmal1,, uiuos only U~cv iritial

andi firws1 cientatlons vere dot-ermrined and re-AlIgryt of the speciinn

wwo required after ading.. The xv of the astrism ocewring on

the t4Kmion And c--rressicon 3SiA0 of the bent speciua was, noted from

*- w er"bet thro ugh Uri fol r~irng firal an{Jl.e: 13 0, 3(), 160, 100,

160,11),22 AZ4 IfN $ rewpeitjyrey-h Vicrograph ic eauination was carried

ovt to detrin tbe ch4 za teristic*, of the detor-,.tion zarkin-qs appearing

on t1W. Of the* tz-oC )12i'3hd aped=_'A aft. bening, and a"e to

dwinlx* tv pole i Att~ s2.i P1Lno ~Uaata*.Onts on those apecis~

~rI4tr L ,n4ip liy.; czA~ t4, 61 *m aarirx M . at 40e4h

~~~~1~~i '1~ -0J~' lX'itofl &ZMt~~:~~.ia on tho xt~osaW

win ~ ttiv Pr the XrxT dter Inatiiu, of the ceiseation, Tt agl



&S, JTA b7 th" im14s'tr nv anIv bo-A the speaimn, &7.is and the

?up rr i thtn dvtei.rm d at a ra ti *ati m of x 4WX , h rir~.

tlo mt ~ xritt m. e r daformati on, was always uied in carrslating

s2~p In-*s~d on, the moal*Zrap with the ori*nt-atim d 4±emradrsd

f ro x-ray

RMULT6 AMD D)ISCIC

Z-4 ziM~rjn axis oriontations for, the initially wtrained cryst-als

ar t*hown -I Fit;= 2 in a stazrird crabio stertographic 'projection. The

* i~ L1xi-n or littioe rota2tiohS vidah wocurr-ed on the oCampossiofl side

O.W.Mrl tho b-r)nj;n teiat4 u-e g~vtm in ?ii~reag ), wid 4~. It is evidnt frvii

~i~.3 th~uoib 1!-35 and 11-89 showed a do-finito rotation toward the

(1)- x7!* alt~zoh t"., aydrc o "im X8 iB ornly slight. In

71lor h tho jpam~n a-xis rotation for 3peoims U~-83 rand M-.181 was aczin

cl~arly tovard the (101~) r-ol, Howsyarp some scatter in th rotatons was

&'Itnd. Xor sp.~nj a lthouch t±,'ere Is ani apparrnt rotation toward

u)* (1l) po14

Thm *:pLnn axis shift tor the tansion sido if~ sreoiAn& W-85, Me

*al3-184attor im-reid amtintmt of banding mt. shamy in PFiguwe % The

z-)tXLO, "T4 cl)ilr tawur thaio 1 diroation for each of these three

I~rK t ber. t~ Qha X the (hilJ direction, a:,naie

t.a* (To1) phz-,r,

-,t- ,'1%, i,7, tl- , nrslc itc-bt 4b.1 0crgstal of '4=01-nius

L ~
iiI "A -1 In 71-;a5- wv r'g t~mrd Lhe 1f c dis*. I is *1



plavu; fcir t~rmiIl loading the slip direction appwoecbm the

strs r onlo axis U 'vrmtid also be ape?3tet fron the bwWM*iz

-wr of Tegn an ibb='1 tlht r-tatio of' the IAtA* on, the *owmo

aid* wrj:;v:IoA tamrdr the pole of the tative slip PIano 4 that

rotation oi, the ter~n. side shotild indioat* the directi=ora glide. The

prent rawtst,, theZmore, appear, to ic~ato that t-he slip plami are of

tt.4 type [110]o =XI tIhe SliP (tr*tion,(t.l;>fOw WOljbd=nu aiMU. CrYINUls

da-farrx- c a~t ro* Thw~o res vita for lattioe rotation in bond-

bo.axeor oZ" =17lurzz~ = yntals. It 'is also mrtq of note that

t~~htt contwizi * on *"ha aoprs40 W14 t4MSiOn 31d"e of

~4etj &ngie cryptal Ue., 849). appears to reeelo that of two

az~pr at zzttla doforr~inZ mxllr omzx-joaaion and tension loading

r p.,voA;r4y. Yen andA Hibbard (1) also reached a sizmtlr cx'nclusio for

ti. -tr anwx;re bendIng of stnels cry tale of alvwdmm.

Asterizz

X-r~y baok-rlection patt,-x-.A, in oonj=-4tion with the load,-

d~fha-tion too~ts, raiiale d, thaxt the dis tortioni of -the Law mpots appeared

wl=, the mrptiilmswas suO, atEd to 1o~ding beyond the yield. A progressive

ir,, zo~i '.3 w-n of astAri~m on the tansioi or ooapreion aidew w"

~~ ~ x~~c~zI~n wptt dofor ion Au tob g ( 'gi. 6).

i~ ~ s ~ c~ahit~ on. the tomaion vide

~ t~s -~i~n ~ tio~ ~i a *- "r,5 X-4ra8 phato-

_ rt, 90 ~r the taraion or cvemt



extris w~ after o ~drbl~ bm-Ii"-

It x,* w t",~ tbt Liv spot , tr- tha torsion Adoe appwarod to

b., Slogi"Ad in tI~ diz rein aprximaoly pa-adl1 -to tho * t, Jn axis,

Ownvss thoo on the, opr-..uion sit wra olungated, in tt* cdirmotion 90

too tha frrr one (*Fig,, la'b)# *,~v ther twris ao ttgri~tio of 'the

ooopression aids wvaa aUghtV~ owv V" iraicatirg that ,ryst4llito

rotatios iiv hzue oo'wrd about~ tw, or iw.~ axeso Th* autwrisa fr the

texuwlon side vas e~trnal A~ line t>? streak for tho uasa. film to epoaimta

dist4no. of~ 3 =,, owee, w~hen theo tau ref:laction from t~w tanxion, side

is, en1wgd by ina~ing, the film th pocizxfl diitano 'too 1.2 cr4 a very

that Ow rnwent~ obw natlo cmroerninri the type and extent of' sterisia

suggest tht the twoiori ard oo~pmsion sida of a benit bolynim single

arysal .J v be deohru~ng as tvm different cr"Wis.

Rideicnoo we* presented by Chen anud dia (7 for w1ytdolhi2 aingIA

Or75t4aU deformed .n ternuiot that aseria ia crysta11ofgraphic in nature

arA r~o~~nts a. t"w~ account of plasticityI Iz th. 3pai It app*arv

poosiblo. 'toeoe to obtain inftormtion on, .v slweip 41~mnab

ar tw sjpi. xbmvine R1'swtq rlAsx This 'was bno 'in ?igiir 8 for the tesion

vid o t,,3* apcin w*d-h os%,W~d c roixarablo ator3.o or the linute

at~k Ito ov ptJ~ite rotatiom~ on the ootp-4p",ion aide vvro t

do tr-4r~ ii to th* ary~tur Of tbo Lai spots Two or~ tb spa~mo,

11K j an %&L inias a, posxbin rotivn trmv-.d Vv tir dixvatrim,

It z 1 t to Izt vl thot t.."WXitt rotcAot * d~t*,r~ixn~

t,4ttu _i iai ivth w ~tlttc i Ql



Or'.VaidnoftIW$]! PIW* p~i 1021>4 'W)h ecowtAino boti ot thse ciirsotiow.

ThE, Prw,.vxt zeuIt4 rX atroaraphio aa3~wiv or 4-trisz indicate thiat

in i1 dotrigntto~n of slip elo~mntsa it appeary of vailue to gOonsidez,

the altraons ini t~ho otinotore a-- shan. by~ the f arwti,' of astori..

Ten =) have *obmwrv~d a, splitig of the Laz. refTlaa*@I

itto distzet a;*,t- arter bending in two of tbeir ton single crystal

o r~ n Thoay attributed this spL~t-xup of TLa spots to

n-Is ta~it) Zragtwriationo A ,reakc..'up of Lai)& apots into individual aem

w-a1zo ob -nvs.i In a iirqele arit2. of m ybdenum, bont throt~g an angle

ort 1,5 at 2bW 0 0 ()) wich 'ws attributsod to pxolygonistion. In the preent

attdieu, divIsion of the LUite refloti.ons into high intensity' ar.Me w

obser-v~d in all of the arytals bent (Fig. I, owwe P tzsee hiigh~ intensity

regiomw mr# s a connxected by diffuise areas. Conseuen~wtly, it seem

niieto Interpret this pmmnn in terve of ox-ytllitA fragont*-

USon vit',r e 4xdtyidual3 aryst"U1te are counnctod by, high strain, regions

Tt4,h r~ oc ot Cr the diffuwi, qxi5tin&, between. the fragments pm-

~ 8~tQnor~ bath the tenio, and c wmoA mi" of'

-0 vtlt ,* low and ttif mcliititom* 'tr10 Shw rtprw-

~~~~- t i~ir~~o~t i at difaerwnt positions a"mid

*_in V of. ~ t .e =,ir~ix ano--

01,1w ss~k NOt 6 'r1,i~t t ** ot akfg oar. 'b

t~i'3 * aMji ior- t h3sip1X4ail

I 1, ) *i~i*oiiodUy aw) tagt



- .' brr 16m t 2 ' it Into~ two btarxls. Ime~ Appftrwoe Of

t~ ~ ~tr i :U Zir~rvetxb e ar* somawhat mir,&Lw to the,

On no Vh~ c~n *t~ f &;n~am to indicate that tU* lines

'-Oremx A '0 tize (1701) pe Tbin resu~lt 13 in &p-oerment with the t-ray

WAfdQ ata to =, tho compression sn1 ide of 1".9 (Figure 3).t ice.,

~toayso-u oT the. slip lins on the terision side of

optac7u~ Xe- 4'' 4 gm the follaid4g reaultt The pole Ofth

0Xbcred slip tz-zoaa I>r U-181t -rms in the vinmity of (%1n), iv, jwithin

5- 10', z-. 'Utzt~t in Fig-ure# 5o The 1attios rotatii n 00 the tision

al.ilo of tli: j 3 cyot.&dIJ~4 gavo a cIafAita paomnt toward the ITIJ
frt I4bis c.-)nz.~ in. -the (T()," plAne. 'Th. slip plane n the

ti~on aid, ) Y-161, a3 dehitriod frri 2lip tUaooe, W-4- n~ear the (101)

p~olo, (Fig=s 0). The (101) plai rdght aocourt foy the l~Atti*e or

cpwtllXW v,)tat#on i V tonsion z,±t~o of' U-181. .Athough tbe* polo of

this sip taa. f the ter._io i~r of U.433 was mat jou-ted at za'Y' plans

o3t AIiyo V. wa3 clor to t*h. (L12) or (2,13) planwa than~ to am' of

1 1 01o rlr, L- aX 6), is~ In sv.est th mW.Tiotw obsrv-&-

It C'n I" -:r,= tl. po gt dA'tA that in taro Of thefoiw

4- fvraraalsuk4rbr~n

-. - ~ ~ M" " j4~ cat ~ .zL4, U~

-Vn x a VoV'.l t ~ bAv



bahaylori' Y! "Wh relftga d-aInp Mil rxatioi occurrod during

the U wlnn the X-ray pcatt~zr. werm obtainade vith the 1oa.ui applied bt

rot An-ri~iz fo~r ot~~~n ~ x~~I ox tow. It~ is bolieved

that Vao s ~ hasnx here' mo~xy be chaanteristic of the speoiusz

rathtr than d-s to reax~zatlon, of the spring, since the apr"n was rated

at 50 po.Z arw thM '103:ds w re r above t~rse pounds when~ theme r*~-

c xter r sz cibaw-rd. *The vArious load-4.fleot.on am-rve did rnot

ap*,Lr to va~ry uignificazntly ror diffroixV oy~ital oretations.

7ht nalw normal s tress Sn for round apealiue is given by- the

sImplo. ',w tormias

whare. P Is the )lo4~ in gram., 'L is tbo lover arm in m (115 m -in the

present vor.L), andi r is the radim of the spsaimen. Ithe maxinum norml

atzxa3 for~ tho on3at of plaat.1.o d foruaton was of the order of 71. 44Jv 2

for the vao'iovw orr,jthi, tastad. Sino. no dafinite yield 'points were

ob*3rvd tL~o vzzlx* of P vas arbitrarily taken as the intersection of the

hatit oL,4,&ht lino throi gh 'the cur-n whoz.o the lod-fletin Initially

a1)crmi a st. p .riso and tho curv* -where -the loai.-deflootion is gradually

Tlzttarwt,, If it is &a#ma that slip t~ko plaoe under the sa ra-

a..i r z mxitl to4ntba mooi'd sha stress, Se,, along the

c-pork~~~r- oli clmW1 al flat~d by =iitipl-inf oqition (1) *07

t114 :i~. v 4 'I 4. tist* anglobtnmto "e n ais t heeso~ &sie

*Th&# btLiot LA balo *=,otd by, borx1ig t~ita 1/6 in.i da&, At'..
v~.In w t e~.* rm fC-t was, V Iirg tha Sxa bwr4ir4K



~~~~o,,a iki*t ,a , ~ tting wa~s maO) ri11 th resolvd. shoml

stres In bwxiing is clcited to be a latdat*el7 31, ka/urn (50M0 P-la4.).

ohs ~dxrfer(3' h~s itP~WtaO4 thzt tb* qi+A11i RhOzr O,itSs Obs~reY in

twmln, y be 17 'tme gveater than that in w4axial ).oaditg fw rowia

"pcisunm. This might indikate a re*41vd shear stress of the order of

2, lcim2 for mxlyxdema s ingle crystals subcetd to uniaxial loadi

!bwwwerp thovvA2liu of resolyed *'how stress repoted~ here *an only be

r*garded as pprzoisato boui* or then arbitrari value of P 'in eqtion

(1) #a beaaii of' the asstziwtions made in 'theaA-oulatione.

A ouxtary of the elip *elezmnta d*tsrz!z.-2 in~ this inetigtio Is

okhctwn in Ta-b1. 1.

1. Lttio. roatian durtrg banding of mlybdernum single *ryvtal.wa

ftound to oac-ar tawa d the 11103 pole on the oomprsesion side and

towdte(-1 direction on the te.nsion sltd*

2~ r Cytall~t.. ,rctafon determined frow asteia "x observations of

slip traoos a~peare -to iruiteat.p the partioipaition of the bioj

p lai arl the <]:a) dir.ctlorw

3, The 'result. 4i (1) andu (z) aboy. SuPPort the xU99g tioxns or 'Chen aixi

xa.n thxt the iip 'rlanss 3", or the type In10J and the GrIjp

dirct4 on, (1111> ror molbdonmn olngs arpt&13 deformed at, room

to"r,% t wV 4

4, r a tion chang. on the oo rrsion w4x t*r4msicw d*0. of a

$kjbOL, sWinlele Cryt dIrin( iMirq BX $Lo Lajz t t Of tWo

r*4pe d t4 i'v%1



5 A reautioxn In )loid up to, OQj5 pouwas ta itair n +.be banding

of mlbdmn ir~e. ryAas.

Lam rXLCt. MI~,w -,,mai rv,,oaled a bmak.up xhiA~h is intm-pr~tmd,

as arsa'1t fra ,-vntsticm



The zauthivr* mould like 'to th&ik Professor R. 30 ?crA for his beip

in Ithe cnttruction of the appaatu iam, the Off iae of Xhwl R..arob

for sxW or of tVheir imvk wiier Plrojct W. O3.-J0O. fti mmistance of

'V. I Drot1~ y*f in the growth of the molydeou singl.e arptals

,1. go K. Yen, andi W. R. 1tjbb&-dt Jr., MTe Tmatarm. BenAzt of 8i40
Crystals of Ak mw ftazw. AM (191 9), 1850, 710.

2a Rt. W. Cahn, *Rocrptallisatioa of Single Crpstals Aftw flastie
Bad *t~ J~unal Iati, Metas (19IM) 76# Inl.

).A. Xochrmrfao OPlastish Rigenshaftan vm Kristallen mi NOW14abhe
%mrcatofffen' J. smwiicgsrm (191).

1, I. Ii~ddln. G., R. Xathmmonan.rxi . R. ibbrd,4 h.,p TMe Active Blip
8YOt~ru !in the BirnplM Axial Lhttensioi of Single CrpstLUi~n@Alpba
Brass,,"'Tfr"n. AXM ('1909) 185, 527.

5!K .1,CeA . 14 ".Kathemon, *Str-~tvl StudiJ. of ?lastis
feuAtiori in Altstinim 3ingle Grjsalsao Tram. AMK (1,M1) 191v

65).

6., )1 . Ciwn# JR.- X ln md -T 113. l1o-n, 8rtA Or of Molybdenm

c . :x~ of XL~vw* J9h3 rww edition~, 1952,

1%U. Arid~r~do " L,, 0, -ZxA~. )I~U of 5ir.lto Crystuls of

0:1pbu nXwx7SIl
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?igre 1, Boxding apparatme xsemble)d at X-ra7 mmhir.; (avb) Stationary

boairns; (e) Singla arystal specimN (d) Movable steel plate;

(s) 14" oell; Wt Drent*Un *all,

7Igu" 2. Crimitations of nryt.ls invetigae..

7fjw. 3. ft-jetl= of )&.350 "~, "89 showing spcie axis rotations

on the cOaqwreion a1de.

Figwv k1  rc4jtion of "3-8, A-90, 9-181L showing apeao~s axis rotati"a

on the oompressio side.

7igizrei Projection of "-5v 189t U-184& show esimen axis rotation

os tbe tension old* and pale of observed slip trae tw MS-1l8b.

PI gum 6, Laum photopmm of ooam Ion aide of S-181 (left) and tes3ion

side of "-5 (right) after inaroauing amoufta of def1.otion from

o* to 16* and 1.2 respectively.

7i1gur. 7. TAus p'aa ef U-35 afte band~ing thrugha 130. (a) tinwion

side, (b) *ocqression side (niote chaz~. in direction of atera);

,film to spaimr. distaze ) c. (a) 3am Lao rflooon ai in

(a), but with fila -to specimn di43tanoo squal to 12 ms.

figur. 8. Projectiton of 91'3i), >~85 M-3 ahwn or~alt tatiams

obt..irmd froi asterlm an the tomion, sirds and pulea of oiom-md

siIp raoes for M-) arAd U-181.

ftegw' 9. Las *mtolre of tUnsio side Of UAWA attu6 inftAaila MwiTU

of' deflotimr. frvs 0 0 to 150 showing a brmak-up of the 1TAum

mfltlor,3~ lmto high Int-tnsIty rogiorw cov *.~ bj dif .ues
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ftl.'jrs 10. Datormtion boxxis *nd, slip, Itmos A, tu sd ((b)(*) aid
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